Satellite data in the thermal infrared range are a powerful source of information for the analysis and determination of city urban area temperature anomalies. The article presents a technique for monitoring the land surface temperature on the basis of combination of "Landsat 8" satellite thermal infrared data with Plan-etScope satellite constellation high resolution data. Such combination of satellite data from several spacecrafts increase the detalization of temperature maps to the level of individual city blocks. Determination of the nature and boundaries of temperature anomalies will help to understand the causes of the unfavorable environmental situation in Krasnoyarsk, where, in addition to high industrial emissions, their influence and atmospheric processes, leading to the fact that impurities are delayed and concentrated over the city. The results shows that the temperature in the places of thermal anomalies is 5º-8º higher than the average land surface temperature of the city. Based on the results of the analysis of summer thermal multi-temporal space images, several thermal zones of different nature were outlined on the territory under consideration. This information can be used in planning the development of the city, the design of new urban neighborhoods.
Introduction
Temperature is one of the key indicators of the natural environment. It can be measured by ground-based methods or using satellite remote sensing data. Satellite remote sensing has become a worthy alternative to traditional methods of temperature measurement in the context of a highly sparse and even shrinking network of terrestrial weather stations in recent years. A very important characteristic of remote sensing is the possibility of obtaining a long-term homogeneous series of land surface temperature (LST) data [1] .
Recently, special attention is paid to the urban heat islands (UHI) [2] [3] [4] . We are talking about an increase in the ambient temperature observed in large cities, where the air temperature usually is several degrees higher than in the adjacent areas [5, 6] . Studies carried out in different countries show that this effect is observed in almost all major cities of the world [7] [8] [9] [10] . It is also _____________ S616 THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 2, pp. S615-S621 noted that this effect are becoming more significant nowdays. In particular, there is an increase in the rate of growth of temperature differences between urban and rural areas, an increase in the dependence of the effect on the time of year and geographical location of the city. The relationship with population density, building density, traffic density and other characteristics on the UHI in cities on each season and time is also considered [11] . These changes attract increasing attention of urban ecologists and decision-makers of the cities [12, 13] .
The assessment of the LST by remote sensing methods is based on thermal infrared (IR) data. Existing satellite systems currently provide IR data with different repeatability and level of detail. In particular, there are data that are taken several times a day with a spatial resolution of 1 km/pixel, and there are data with a resolution of about 100 m/pixel taken once a week. The accuracy of temperature measurement ranges from fractions of a degree to several degrees and it largely depends on the correct assessment of the influence of the atmosphere [14] . The most attractive data in this context is the data from the Landsat satellite series. It Is became popular due to the combination of technical characteristics, the availability of received information, the presence of a long-term archive of observations [15] . The Landsat-8 has been in orbit since 2013. There is thermal infrared scanner (TIRS) mounted on this satellite that captures two channels in the IR band. The recorded data of IR channels can be converted into radio brightness temperature, which, in turn, into the LST [16] [17] [18] . An integral part of the final stage is the calculation of the coefficient of emissivity (emission).
A natural limitation of the results obtained is the level of detail of the generated images. The aforementioned Landsat-8 TIRS scanner has a spatial resolution in the IR range of about 100 m/pixel. This accuracy is clearly insufficient for a detailed analysis of the temperature inhomogeneities of the urban environment [19, 20] . One of the possible methods to solve this problem is the use of additional satellite data of higher resolution.
Thermal conditions in Krasnoyarsk urban area
The city of Krasnoyarsk is a large industrial center with unique natural and climatic features, caused by terrain conditions and thermal heterogeneity of the terrain. Krasnoyarsk is classified as having a high potential for atmospheric pollution. The valley-like relief of the terrain, high frequency of fogs and vapor over the Yenisei lead to accumulation of harmful impurities above the main territory of the city.
Krasnoyarsk is located at the junction of three geomorphological countries: the West Siberian Plain, the Central Siberian Plateau, and the Altai-Sayan Mountainous Country. Krasnoyarsk is located on the two banks of the Yenisei River, it has the hilly terrain. Its centre is in the lowland, and on all sides there are hills, the height difference between different parts of the city reaches 150 meters. Construction of hydroelectric power station on the Yenisei River, led to no freezing during the cold season. The air temperature in winter reaches values below -30 °C. As a result, a significant temperature jump is formed in winter: from very low temperatures over the land plots of the city to positive values over the non-freezing water of the Yenisei River. In turn, in the hot summer months, the opposite is true. The well-heated soil of the urban area has a significantly higher temperature compared to the water of the Yenisei, the temperature of which in the city usually does not exceed +10 °C, due to the deep water intake for the Krasnoyarsk HPP, located 40 km from the city.
Thus, the interaction of the two effects of temperature anomalies adversely affects the ecological situation in the city [21] . Therefore, it is important to observe temperature anomalies at different times of the year using remote sensing data, there are ample opportunities for research in this field. Unlike a number of other satellite data, such as Terra/MODIS, the LST should be calculated from Landsat data. The initial information is contained in Landsat-8 archived data files, which was downloaded through the United States Geological Survey EarthExplorer service. The TIRS data was extracted from these archives. They are represented as the 10 th spectral channel of the Landsat-8 satellite data (tif file with the name ending with B10.tif). The temperature data are written in a file by byte in conventional units (raw geodata), each pixel can take a value in the range from 0 to 215.
To get the actual LST, we need to: first convert these conventional units to the values of radiation coming to the sensor, then convert these values on the sensor to the temperature at the upper limit of the atmosphere, and finally, to determine the LST on the basis of the temperature at the upper limit of the atmosphere [22] . It must be noted that there are various methods for assessing the LST, they are the subject of numerous studies. It is possible to assess the influence of the atmosphere in different ways, to apply different algorithms of atmospheric correction. Also, various methods can be used to calculate the emissivity.
Based on the values of these thermal channels, we calculate the value of LST using the formula [23]: At present, there are two main methods for determining the emissivity from the satellite data. The first method uses the classification of objects in the image, where each class is assigned a specific value of the radiation coefficient, tab. 1, and in the second one it is determined on the base of the NDVI index. The first method is easier to use, but its accuracy is limited and depends on the effectiveness of the classification results of the image. The second method has a higher accuracy and allows you to calculate the surface emissivity for each pixel in the image.
Consider the first method in more detail, where the first step is to determine the type of surface, the entire area is divided into four classes: water, open soil, vegetation and buildings. After the classification of the image, each class corresponds to the value of the emission factor, which is presented in tab. 1 (the values used are approximate, since the radiation coefficient of each material must be obtained from the field survey):
The second method has a higher accuracy and allows to calculate the surface radiation coefficient for each pixel of the image. Consider the second method of determining the radiation coefficient based on the normalized vegetation index NDVI. The correct determination of the surface temperature is limited to an accurate knowledge of the emission factor. The relationship between the surface temperature of the earth and NDVI takes into account that vegetation and soils are the main surface: where a = 1.0094 and b = 0.047 are obtained by a regression analysis based on a large dataset.
To determine NDVI, the red spectral ranges and near IR ranges of the spectrum are used:
where ρ NIR is the reflection in the near IR and ρ RED is the reflection in the red spectrum range. We use both mentioned methods (i. e. classification-based and NDVI-based) for calculating the emissivity to obtain LST in our study. However, the second one (NDVI-based) can be considered more preferable.
The peculiarity of the study was the combination of satellite data from several spacecraft. The data used in the Landsat-8 IR range need not be supplemented by data from other channels of this satellite, which are necessary for the calculation of the NDVI vegetation index. Another, more detailed images can be used. In this case, it is possible to construct combined images of higher resolution, similar to the widely used approach of increasing image detail using pan-sharpening algorithms. In our case, data from the visible and near IR bands of the Plan-etScope satellite constellation [24] with a spatial resolution of three meters were used to calculate NDVI.
Results
The materials for the study of the thermal characteristics of the Krasnoyarsk city were Landsat-8 scenes. There are 15 cloudless scenes in the snow-free period from 2013 to 2017 which were selected for analysis: July The LST was calculated by eq. (1). The resulting temperature values were converted to C and a temperature map of the land surface was compiled for each survey date. Calculations of the LST were carried out using the QGIS 2.18 software. Semi-automatic classification plug-in (SACP) was used for atmospheric correction of satellite data and further calculations [25] .
Due to the fact that temperature anomalies may differ in different seasons of the year, the study was conducted for images grouped by seasons of the year and this approach is widely used in practice [26] . To find the maximum temperature values within the city, all images were distributed over three seasons: summer, spring, and autumn. The boundaries of thermal anomalies were formed independently for spring, summer and autumn images.
In accordance with the previous procedure, a number of different season maps of the LST of Krasnoyarsk and its surroundings were built. It was found that there are two types of thermal anomalies: natural and anthropogenic. A number of thermal islands of different subtypes in the city was found, such as natural hills, areas near large shopping centers, ample parkings, industrial areas of enterprises, areas of thermal pollution by sewage, fig. 1 . The anomalies on the natural hills with the southern and south-western exposure of the slope are well discernible, for example, in the Zheleznodorozhny district of Krasnoyarsk.
It was obtained that intense heat radiation is observed from objects made of dense materials with high heat capacity, such as asphalt, concrete and reinforced concrete, stone. The combination of satellite data from several satellites increase the detalization of temperature 
Conclusions
The use of a combination of satellite data of different spatial resolution makes it possible to conduct a more detailed analysis of temperature anomalies of the urban environment. This information can be used in planning the development of the city, the development of new terri- tories, the reconstruction of residential and industrial areas, to assess the comfort of living conditions in different urban areas. The formed thermal anomalies are valuable material for future ecological and geographical studies of the territory.
